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This paper explores the development and mpact of
new viswally coupled system (VES) equilpment designed to
support engineering and human factors research in the
military aircrafl cockpll environment. VOS5 represenlts an
advanced man-machine Interface (MMI), whose superiority
over the conventlonal cockplt MMI has not been
established In a conchushve and rigorous fashlon. What has
been missing i3 a ‘systems’ approach to technology
advancemenl thal s compreheénsive enough o produce
concluslve results concerning the operational viability of
the VC5 concept and verify any risk factors, which might be
involved with Its general use [n the cockpit. The owverall
system concept and the design of one Important subsystem,
a new militarized version of the magnetic helmet mounted
sight. are discussed In detall, Significant emphasis is glven
to llustrating how particular design features In the
hardware Improve overall system performance and supporn
research activitles,

Introduction

The last six years of advanced milltary equlpment
development activity, and particulardy the last four, have
been marked by & rénewed Interest In the applicatlion af
wisually coupled system (VC3) technology to the military
aircraft cockpit, Mot since the eady to mid 19705 has the
activity level been so intense for milltarized versions of
this technology. Much of the renewed developmental
activity has, rightly. concentrated upon the helmet mounted
display portion of the VCS,. This fact s demonstrated by mew
helmet mounted displays (MMDs) from such manufacturers as
Hughes Aircralt, Kalser Electronlics, QEC, and Honeywell,
and DoD activitles like the Army LH Helicopler Frogram, the
Alr Force F-16 Night Attack Program, and the |oint Navy-Alr
Force IMIOHTS Program. The emphasis on HMD design
iparticularty ks slze and welght) I8 because It has been a
major performance-imiting factor to the widespread safe use
ol the technology In ejection seat afrcralt. However, the
successful integratlon of V5 technology Into the cockplt
Includes the solutlon to a number of willlzation and
performance problems that cross the boundaries of many
technical disciplines. A few of these are:

I} Froviding furiher inslght into and perhaps some
solutlons to. the more Imporant remalning HMD horian
factors problems. Among them are the establishment of
appropriate Instantaneous felds-ofview (FOVS) for specific
categories of missions or vehicle types (which are
defensible with statistically meaningful quantitative data),
eyve accommodation as It relates o viewlng collimated see-
through displays, and binocular rivalry issues (elther
between eyes or bebween the display and amblent Imagery).
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2] Froviding a display with a wisual Interface
supporting sensorgenerated and compuler-generabed
information that reduces operator workload and
demonstrales quantifiable Improvements In operator
peformance,

21 Solving the blodynamie interference suppression
problem for the helmet display,

41 Froviding complete day-night opembliity with one
HMD system,

5) Froviding a VCS with the necessary spatial and
temporal bandwldih while malntainlng modest head-bome
welght and an equipment configuration that 15 compatible
with cumment alrcraft ejection secats and safe for rapld
ground-egress in explosive vapor environments,

&) Froviding a helmet display. Image source, and Image
spurce electronles comblination that optimlzes thelr own
Interface, can be easily adjusted For varations In human and
hardware paramebers, and supports the display of computer-
based and sensor-based informatlon, such that the eniire
sensorfdisplay subsystem 15 not display mited. and

7) Evalving a helmet mounted position and ordentation
tracking system that fully supporis s own cockplt
integration, [ts Integration with other subsystems
comprising the entire VCS. and provides a uwsable and
reliable man-machine interdace (FFI).

The above lst, which should nol be construed as
exhaustlve, represents a gencral Mrst level list of
Interdlsciplinary Issues that, In the authors experience,
have been observed to be important end need further
Investigation before one can feel reasonably secure about
the general adoption of VCS lechnology for milltary alrcraft,
Items o one, two, and three represent the blophysical,
emonomic, and “system’ human. factors ssues [or which
appropriate Instrumentation and testing 15 needed for
clearer resolution of thelr significance. Ibems four and five
relate to developmental Issues for which addtional Ume and
dollars will be needed to achieve adequate levels af
pedormance, and to which development effons, sech as the
one described In this paper, can make a serious
contrbution. Items six and seven direclly address VCS
functional and performance relabed issues that support state-
of-the-art (30A) advancements In both research-directed and
productlon-directed systems development. Many system
developmenl ssues have both a ‘developers’ and ‘users”
sense to them, and both requlre relatively equal time and
resource commitment, Before valld technical positons can
be legitimized, or the solution to parts or all of some of the
above Issues can be found or developed, It will be
necessary to requlre partlal or complete YC5 testing in
operational environments with hardwane that embodies S04
capabliity. It can be argued that. in many instances, a “best”
approach to a "best’ solution i5 to have at hand S0A
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hardware that has the required “programmability” to support
engineering and human factors research and also the
ruggedness (o be operaied In the [Mnal Intended
environment. in this case the military alrcraft cockpit
References [02,.08] have already described most of the
requlrements and system Integration 1ssues sumounding the
head-mounted display and ks Immedlaie supporting
hardware. This paper | some recenl reseanch and
development activitles at AAMEL Involving the YCS
electronlcs that directly support the helmet mountied
components, The discussion covers the ratlonale
surrounding thelr primary operational characteristics. their
Impact on the current state of VCS lechnology. and ties o
demonstrate how some of the |ssues enumerated in one
through seven above are being resolved.

A "Rescarch-Orlented” Visually Coupled System

Figure 1| deplcls one vardation of a VC5 system, the
Virtual Panoramic Display (VFD). This system Is designed to
support all types of helmet-mounted disptays (HMDs) using
minlature cathode-raydube (CRT) Image sources, Including
partially overiapped binocular displays. It provides the
basic hielmet tracking and display presentation capabliities,
However, I also supplles the configuration
programmability. Intedface Nexibllity, and self-contalned
data collection needed b0 support advanced ressarch
activitles addressing the above mentioned
utilizatlon /fperfarmance Issues. Beginning with the head-
mounbed components, the visual subsysiem [(HMD) may
inciude either one CRT image source and one or two optical
channels, providing a monocular/blocular display

presentation, or 2 CATs with dual Independent optical
channels making possible a true binccutar presentation. The
visual fields may be elther fully or partially overlapped and
may be allgned. using programmable elecironics,
permitting. If desired, the presentation of true stereoscopic
imapges. The CRTS, employing. in most cases, narmow-band
emission phosphors, may be any of the standard bipotential
lens designs commaonly avallable, or be of an advanced
design Including additional grid conirol elements, The CRTS
are Interfaced to specialliy-d analoq helmet-mounbed
display electronics [(AHMDE) which “tallor the displayed
Information to the requirements of both the HMD oplics and
CRT deslgn. A major thrust of curment visual display research
for the military cockpit assumes that mission equipment
package (MEF) data and sensorgenerated information must
be “fused”, In pard visually. in some oplimal manner on the
HHMD ta help Improve the plot's moment-to-moment
sltuation awareness. Thus, the YFD AHMDE has been
designed (o support a range of anticipated video Input
combinations for sensorgeneraled and compuberseneraled
visual nformatlon that can be displayed simullanecusly on
the CRT. Much of the displayed information must be
changed andfor updated. based upon the pilot's
instantaneous line-of-sight (LOS) and helmet position within
the cockplt, To provide this function, a magnetic helmet
mounted sight (MHMS) Is Included that provides both
helmet attitude and positon vectors. The newer version of
the MHMS used for this YC3 configuration can be
programmed o compensate for ceraln eavironmental
disturbances (o which it 15 susceptible. To promote ease of
programming and fransition to-and-from ground-based and
pirborne research environments, a combination of Digital
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Equipment Corporation Q-Bus and UNIBUS processors and
Motorola 68000 family VME processors hove been employed
as both Imbedded and stand-alone processors. To facllliate
data transfer beyond the lmitations of the milltary 15535
data bus. a varlety of high speed Intefaces Including a
mulli-port shared memory (MPSML, which exisis in both
laboratory and milltarzed form, were developed. The MPSM
aliows up o ten DEC or VME-based processors to
simultaneously perform parallel read and write operations
between each other. To facilitate non-volatlle memory
storage. milltarlzed hard disks are avallable for the DEC-
based processors and EEFROM for the VME-based
processors, This architecture fosters ease of expansion
when additional processing power [ needed. and permits
additional enhancements, such as auditory localization and
physiological test batlery monitoring. (o be added to the
basic VO3, as needed and availlable, The shaded area of
Figure 1 represents the core components of the VG5
electronics subsystem for most near-term VES
configurations. Due to length considerations, this paper will
focus the remalnder of the discussion on just the portion of
the shaded reglon that includes the MHMS, emphasizing
advancements that facilitate not only hardware pedormance,
but also Improve or faclltate the YOS Interface and
research activitles, Some discussion In a similar vein
relating o the helmel mounted display electronics can be
found In {G2).

The Helmet Mounted Sight “Froviding a More Complete
System Concept”

Many critical pllot activitles Involve, to some degree,
the mpid acquisition of information, the accurate and fast
positioning of Qisplay symbology deplcting system state,
and. after sultable cognition time on the pllot's part. the
execution of one or more alreraft system state changes. If
the man-machine Interface (MMI) through which this
interactlon s belng effected is a V5, then the spatlal
relationships and positional accuracies of information

portrayed on the HMD, a8 detérmined by the HMS positlon
and orientation (PX0) tracking data, are very Important. Mot
only must ithe gquallty of HMS altiiude and position
Information be guaranteed Lo some known and repeatable
baselineg level of accuracy, but it is also desimble o be
able to enhance the VOS\ Immunily to environmental
disturbances to which the HMS5 or human operator are
susceptible (at least In a ‘signal-to-nolse-sense” Lo a
threshald near or slightly beyond the Hmils of system-alded
human perception). The MHMS, despite the complexities of
correcting for electromagnetic scattering, s still regarded
as the HMS system of cholce because of ks rugged small
transducers, Immunlty to other types of environmental
problems associated with military vehicles. and the speed
and accuracy of the six-degree-of-freedom (6DOTF)
orentation and position data that the MAMS can provide,
Figures 2 and 3 deplct the primary system elements and
their Interfaces for the pew VFD MHMS and its functional
organization.

The core of the Improved MHMS system IS kS new P&O
algorthms developed for AAMAL by Oreen Mountain Radio
Fesearch Company (OMRR), and the hardware parailel-
processor archltecture developed by the Halser Electronlcs
subsidiary, Polhemus, Inc (Pl), The new algorithms bolh
improve system tracking accuracy and permit the effect of
many environmental disturbances to be substantially
recuted, The primary PRO tracking akgorithm is a minlmum
variance linear estimator (MVLE), The MVLE makes direct
use of the magnetic-fleld characteristics and satisfles three
objectives: (1] obtalning a leasi-squares best 0t to the
measured magnetic fields, (2) providing minimum expected
mean-square error in F&O, and (3) providing maximum-
likelihoeod P&O estimates. Under conditlons of very rapld
and contlinuous head movements. the MVLE algordthm cannat
provide convergence o an accurate PRO solution, As shown
In Flgure 2. ‘supervisory’ software checks for such
canditions. amnd, when detected, switches the P&EO solulion
process 10 a nonlinear estimator (NLE) algorithm, The HLE
makes direcl, noniteralive estimates of P&O, and. while lis
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accuracy 15 nol as greal as the MVLE, its stabliity Is
absolute. Thus the MVLE and HLE are complementary. Under
nommal operating condltlons, the MVLE provides the most
accurale P&D estimates. while the HLE énsures cormect
initialization and recovery [rom very large and continuous
step inputs and power disruplions. Signal oversampling and
a ‘matched filter are used on the front end to obtain the
needed signalto-nolse ratio (S3HR} and minimize head-
mounied CRT interference, The hardware provides ihe
necessary computational power and system upgrade
flexibilty, Inchading optional accelerometer Inputs, This
Mexibiiy s sdding tracking flter lmplementations
to the MHMS outpuls, whose programmed characteristics
allow selective modification of its oulputs, based upon the
operators trcking Inputs and environmental disturbances,
The primary purpose of the fillering s to improve operator
LOS placement accuracy and to [mprove information
extraction from the HEMD.

The primary update rate for P&ED iracking of a single
nelmet s an impressive 240 updates per second [UTS).
Flgure 3 indicates that as many as 2 heads and 4 hands can
be Independently tracked using separate P&D Sensors.
However, this maximum mnﬂgmnn recduces the updale
rate to 60 and 30 UPS for the heads and hands, thvely.
Separate update cycles are needed to first sample and flber
the raw fNeld data, and then determineg true P&D estimates.
This reduces the data throughput mte to at least 1/2 of the
masimum update rate. As shown In Figure 3, the MHMS can
be “symched® o an extermnal source or clock, This leature
can be Important for applications Involving computer
generpled imagery where obialning equal updates of head
F&O s desirable for the display of moving objects on the
HMD. A set-up control panel (SCF) can also be Interfaced
directly to the cockplt side of the cockplt control panél
(CCF). The SCF allows bullt-in {est functions to be accessed
and system parameters modifled without removing the
System Mmom the aircraft.

The MHMS system i3 complemented by a
programmable, semi-putomated mapping fixture which,
during the cockplt mapping and compensation is
connected o the actual MHMS sysbem that will be [nﬂnlltd

in the cockplt. The mappers computer shares data with the
MHMS processor hardware. Using a deslred system error
budget, the mapper sysbem gathers preliminary aw magnetic
field data based upon a completiely quantitative For
aliocatlon of the field mapping data polnts, Thus, the
density of the sampled cockplt fleld data |s controlled by
splutions derdved directly from computations involving the
aciual MHMS hardware and MYLEMLE algorithms. A similar
apprmach s used for mapping the magnetic Meld conditions
[nduced by helmel-mounted scatterers, with respect o thelr
fixed relationship o the helmet-mounted sensor. and. then,
computing the needéd Meld compensation coefficlents.
Taken bogether, this new “sysiems” approach to the MHMS
will provide superior tracking accuracy and complement the
overall quallty of the VC5 MMI,

MHMS Ferformance: "“Technology and Research-Based
Requlrements®

At the beginning of the VFD MHMS program, a set of
performance goals was [formulated based upon a
programmatic requirement to demonstrate wseful technobogy
advancement and, also. the need to support research o
operational alrcraft environments. The most important af
these were:

1. Enlarge motion box performance to provide rellable
coverage of head and hand positlon and orlentation
throughout the cockpit volume,

2. Improve static accurscy (o levels approaching the HUD i1
::n- 3 milliradians) b support most weapon system interface
unctlons,

3, Improve update rale and throughputl rate Lo support
auditory locallzatlon. as well as, visual subsystem data

requirements,

4. Provide a system capable of investigating techniques and
equipment thatl enhances sysiem and human operator
Immunity to external disturbances, thus, allowing the
Improvement or modification of system signal processing
funclions. and



5, Implement a system supporting research oriented
activities that could be used In both ground-based and
alrbome environments,

System Concept Basis: “Establishing System Error
Criteria”

Once system requirements were set down, It quickly
became apparent that a new approach to the MHMS soltware
and hardware was reguired, For the hardware, developing an
affordable militarized architecture that was flexible and
offered the highest computational mtes was evolved. I"or
the algorithms, whose characieristics would largely
determine overnll performance, a joinl program with OMER
wias inltlated to kentlfy how the data in the MHMS felds
could be used bo compube P&D with minimum ermor and
identily factors that lmited the compulational process, Por
the MHMS system, allocation of a total system error budget
was made early and a concerted effort has been made to
meet It particularly because of the parallel develapment
process used In the program.

The system emor budgel and design equations are
based upon two basic concepts: (1) expected mean-squans
measurementl ermor (EMSME) 5 convertible into an expected
mean-square estimation error (EMSEE) through a scale factor
and (2) EMSME |5 expressible as the root mean square (RMS)
of the various error sources, :quntl:ms 1 thl’-ﬂ-uﬂh ¥
illustrate, in less than rigorous fashion. the basis for the
ermor budget allocation. Por convenience, the development
is shown for LOS only, thowgh similar processes were used
for total orientation and position error. Equation 1.
specifies major sources of RMS estimation emmor for LOS,
where the expected RMS emmor s the square roat af (1).

“Li“ﬂ.f*':‘gz (1)

where: y = primuth, 0= elevation

given prior kKnowledge of the MHM3 field
characteristics and the absence of a detalled model for its
measurement. It Is reasonable (o assume that the ermoms in
all measurements ane Independent (uncomelated) and have
equal varfances which lead to the relationships in equations
2 and 3, relating estimation emor to measurement emor.

2 2
o = El{Y-7)") (z2)
Al
where: E| {Tt—'r# }1] - variance of measurement
Erros

E'L =  sensltvity factor dependent upon

magnetic fleld chammcterstics and
unlts of measurement

Analysis performed with both GMER and Pl determined
three principal independent, uncorrelated sources of
measurement error. The vardance of these measurement
emors can be expressed by equation 4.

ﬁ11=uﬂz+nﬂz+sz (&)

where: I = mapping fxture emor
GH = measurement nalse
ﬂF = fleld prediction emor

The measurement of varlance caused by nolse and
field measurement errors, which ane essentlally random and
readily specified in terms of a measurement. are multiplied
by an appropriate sensiiivity faclor iE'Lll. describing

magnetic feld characteristics for free. space and fixed
scallerers, as shown In equation 5, The accuracy of the
mapping fixture s more conveniently specified in terms of
position and orientation errors or variances as denoted by
LI In equatlon 5. Bquation 3 can be used directly o

predict RMS estimatlon emors [rom the magnetic feld
sensitivity factors and varances of the three measurement
BITOFS,

o " = o) + S oy’ + o) (8)

Table 1 depicts the stallc accuracy requirements ln
terms of clreular emor probable (CEP) odginally speciiled
for the MHMS. If the assumption 13 made that the estimation
ernors are Gaussian and uncomrelated, then the relationship
In equation & can be used to calculate the RMS emor. Using
(6). R and ¢ can be computed by equating (6) to the desined
static accuracy.

Table 1
Helationship of CEF and AMS Errors

STATIC
ACCURACY QAME}  O[AMS)
CEP REQUWIREMENT R(FAOM{E)) DEGREES RADIANS

050 oz 1180 = 02*  0168° 000295
058 D4 3030 = 04°  0132° 000230
R:= 20 In[ 1 -P(r<R) ] (6)

Where: PFirsm)= I-EIp{-H.n"Eﬂlillsﬂ'lt
probabllily of a radial emmor not exceeding
a radius of R

To arrive ab a final estimate for the distribution of
system emor, one must rehurm 00 equation ve and use some
trial estimabes. To determing SHR requirements, it Is maore
convenlent to use a normallzed relatlonship, mather than one
dependent on system unlts. Therefore, a normalized
sensitivity functlon GL Is substituted for E'L in (5). Fi's

initial estimate for mapper emor was -0.0009 radians while
OMER's research into fleld measurement sensitivity

produced values for GL that varied from about 1.83 for free
space conditions to 4,42 for conditions Involving two fxed

scatering planes. Using a worst case estimate fmom Table 1.
and substituting Into (3 produces equation 7. Finally,



assuming equal RM3 errors for nolse and fleld prediction

(eg. @ =0, ), and & worst case G,_of 4.42, the normalized

system SMR can be determined in a few simple algebralc
steps, as shown below,

ul_z- (0.00230)°= iu.uuﬂalz+-:ﬁl_}1{u“1+ﬂp1} (7)

2 o 2 2
(0.5)(0.00212) =[GL}2:-:H& = oy’ = (0.00212/G))

= oy = 0.000339

The results show for worst case condltions that a SHE
of greater than 65,4 dB |5 needed o meet FHMS ermor
requirements, These results helped focused continuous
attention throughout the MHMS development on the
procedure used b transmit and process the recelved
ciectromagnetic signals. the mapping fixture design and
concepl for s utlllization, and a number of reflinements In
the deskign of the P&O tacking algorithms that includes
cateilation A & Noating polnt formal.

improving MHMS System Accuracy: “Static® and
‘Dynamic’

The desired emmor performance s demanding and
exceeds the ptﬂﬂﬂﬂﬂﬂ:l! af the standard 12-bit MHMS
syslems now available. The key factors heiping the new
system o meet this ambltious goal ane:

1. Improved MHMS algorithms that embody associated
analysis explicitly deflining and chamacterizing system ermor
SOUITES,

2. An integrated and automated mapping fixture. and

3. MMMS hardware that ncludes special front-end digltal
signal processing hardware, Improved uvpdate rate and
resalution, and a slightly larger source (radlator or
tranamitter] size.

An adequate system solution has d a mare
‘technically-complete” approach to the MHMS development,
As a result of the early and In<depth application of applied
mathematics, the MVLE algorithm was evolved and has
become a key element for improved MHMS perdormance,
The MVLE has two especially desirable propertles when
used with a magnetic P&O tracking system [3): (1) 0t
provides the most accurate estimates from noisy
measurements and [2) mather than assume a free space
condition that must be comected, as other MHMS algorithms
have done, It makes direct use of the magnetic-fAeld
characteristics. It s the second property of producing a
cormect estimate direcily from the magnetic-Neld conditions
that allows the MHMS sensor o be tracked more accurately,
even down to conducting metal surfaces, The algorithm
design also enhances the [ncorporation of moveable
scatterer compensation (for the head mounted CRTS) Into the
primary P&O algorthm. Oversampling of the MHMS signals
and a matched-filier optimize reception of the separate and
simultaneous three-axls winding signal excitation
frequencles. The matched-Miter can also provide attenuation
of the radiated CRT deflection nolse al the line rate
frequency for the HMD raster imagery. The malched-fliter
implementation is essential to ensuring the -70 4
skgnal/noise ratio (SHR) for worst case conditions is met,
The SHR Is also Improved by a slightly lamer source. true
i 4-bit resolutdon of the magnetic flelds, and distance-
related galn changes In the radiated B-field sirength, A
whale host of signal processing refllnements, beyond the
scope of this paper. are used to improve P&O tracking

performance, ncluding compensation for Mnite tansducer
slze effects, seab-movement compensation, and reduction in
the bulldup of computational emors. Because the MVLE
tracks incremental changes In the magnetlc Nekds. a higher
update mte Improves its stabllity, The operatlon of the
MVLE Is signal-dependent, Ik can remaln stable for large
step Inputs of several hundred. degrees/second, IF followed
by relatively statlc field changes or If fed contlnuous
ineremental inpuls per update cycle that change by no mome
than about one to two degrees. Olven the new MHMS's
update mate [up to 240 updates/second), the MVLE can
remaplin stable for head movement rates of hundreds of
degrees per secomnd, However, the performance boundary is
made fuzzy because of s dependence on changes between
incremental updates that are delermined by head movenent
and system configuration-dependent update rates. Therefore,
as Pigure 2 shows, lhe software Includes a supervisory
process which switches the MHMS P&D solution o a MLE
whenever stable solution criteria are nol met. A sample of
simutated MVLE tracking performance is shown In Figures
4a and &b, The (lgures clearly show that the presence of
Mxed scatterers aflects the minlmum error that can be
abtalned, but the ermor Aoor (0.0001 radlans or 0.34% arc
minutes) meels system emor requlrements.
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F&O Update Rate and Resolution

The implications of the new MHMS performance for
the VC5 are Important for both operational and test
applicatlons. The new system algorithms and hardware
improve static accuracy o an estimated | or 2 millicedians
within the "HUD Box" (£ 307 in azimuth and elevation), and
to about 46 miliradians throughout the entire motlon box.
Accuracy Is also guantifled betier by the Interactive
mapping fixture design, which 18 an imponant improvement
for research orlented activitles., Resolutlon has also been
Improved to better than 0.4 millradlans. Besolutlon can be
a significant parameter for head-driven  display
presentations where small head movements can be detected
on the HMD presentation under conditlons of high apparent
magnification. 12-bit P&O tracking systems have been
observed to cause undesirable and detectable discrete
Jumps in the location of the display imagery on the HMD
during small head movements. 1&-blt systems seem to
provide enough additional resolution o make this artifact
virtually undetectable, There are tradeofis assoclated with
the Improved performance. Achleving the added SHR
negded o attain an honest 14-bil system requires a larger
source. The lamger sources measure 1,25 inches to 1.5
Inches square and welgh between 7.3 and 9 ounces, The
ideal mounting location In fighter aircraft is on the cockpit
canopy behind the pilot. The larger and heavier MHMS
source may be too heavy for mounting In some cockplt
canopies (e.g. the P16} because birdstrike Induced canopy
WaVES gre more prone b0 cause canopy fallure with the
heavier MHMS source mounted in them.

Most MHMS sysiem P&O algorithims requine at least
two update cycles o obtain goedd convergence (o accurate
measured dynamic head locathon outputs. The new MHMS &
no exceptbon, as Fgure & Indicates. The higher update rate
reduces the convergence latency problem down Lo
manageable levels, It also alds the throughput delay
problems for computergenerated Imagery systems which
must place Lhelr imagery on the HMD according to the
MHMS P&0 updates. For applications, such as audiiory
lecalization. even higher update rates may be desired,
because the ear can follow positlon updabe laténcies in

sound fleld vectors below one millisecond. A higher update
rate also aids ome area of MHMS performance that is
particularly hard to quantify: system dynamlc accuracy. The
problem with this requirement 5 is measurement. Past
development efforts that have investigated this problem
have resulted In budgelary estimates of 3 0 4 hundred
thousand dollars to produce an adequate test Mxture. This Is
an amount that meager development budgets have not been
able to handle with competing commitments of greater
overall import. Perhaps a good altemative for the HMS s the
achlevement of higher update rates which reduce the
letency between the measured and real head position and
orientation and, thus, Inherently improve system dynamic
ACCUFACY,

System Design and the Operating Environment:
improving Filot Confldence in WC5

rFar mast WS applications. it is desirable to have the
entire head movement rmnge under which functional display
presentations are to be maintalned. covered by normal
MHMS operation. This viewpoint I often confirmed by
experience with test pilols and the leedback that they
provide conceming thelr experlences with VCS. This
clreumstance can occur in many present MHMS systems
when radialor-sensor range s exceeded or unusual pllot
head attitudes occur during mission performance which
place the heimel mounted sensor near electrically
conductive surfaces. Such artifacts are deemed o be
unacceptable by most operational personnel with extensive
VLS experdence. As mentioned, the cochplt mapping and
system compensation approach employs an automated
mapping flxture. The computerized control interface
between the mapper and MHMS system and (i3 algorithms
permits precise sampling of the cockpit electromagnetlic
fleld environment to ascertaln that the desired error
performance, cockplt environment, the system software, and
operational helmet conflguration are adequate. Untll the
development of the new FMHMS, movement of the helmet
SENA0T Wery near (o conductng surfaces could produce
wildly Jumping display imagery. An undesirable solutlon to
such problems has been to freeze LOS at their iast
known “‘good fleld” condition. but the HMD Imagery as



positioned by the HMS will not reflect true P&O. The new
MHMS algorithms now permit the sensor PEO o be tracked
down to conducting metal surfaces and permil he graceful
degracdation of system accuracy and resolution to 13-bits,
12-bits. etc, for conditons where the maximum full
resolution source-sensor ramge s exceeded. Therefore, a
more stringent sensor bracking requirement that favors
reliability of the MHMS-controlled placement of the HMD
scene contents does not now [mply a new., high rlsk
development effort. It does imply, however, a greater
allocathon of computational power to the MHMS funclion
than is offered by other available variations of the MHMS,
militarized or commercial,

Another aspect af the MHMS signal quality problem
Invaives the effects of head-mounted dynamic scatlerers.
Lsing & helmet orentation and posltion tracking system Lo
direct weapons and place/siabillze Imagery on the HMD,
makes consistent system FP&O outputs a necessity.
Obtaining P&O tacking consistency for the MHMS invalves
two major system Integmtion issues, The first 15 whene the
pliot must or might place his helmet durlng any mission
eventuality. The second is the spatial relationships of both
the other helmetl components (especially those that can
distort or attenuate the MHM3 magnetic Mleld) and the
MHMS source (transmitter) with respect to the helmet
sensor location. The major. but not the only. slgnificant
helmet-mounted scatterer 8 the CRT, Figure 5 1llusirales
the nominal location volumes of the helmet mounted CETs
for the usual bnocular and monocular/blocular HMD
configurations with respect to the MHMS sensor, The ldeal
mounting location for the MHMS is on the crown of the
helmet, In part. because this location is dislanced from
many sources of interference. and because the [deal
location for the MHMS source is Lo the rear of the pllots
head in the helmet canopy or above the seat back. CRT
locatlons | ‘and 2, shown In Figure 3, can be particulary
bothersome (o relinble MEMS operation for head attibudes
that Include a directed LOS toward the side or rear of the
alrcralt with positive elevaton angles. YOS5 Integration
planning should give conslderation to such relationships
and the tradeolTs they imply. In 50 doing. an attempl should
be made o place the sensor on the heimel and the
transmitter n the cockplt at positions where ohscuration af
the transmitters signal (by a helmet CRT. elc.) due W head
movement 1s unlikely or Impossible, Dynamic compensation
for the movement of the head mounled CRTis) may be
critical to overall system tracking perfformance, especlally
if two CRTs are used or the mounting geometries of the
CRT(s] and sensor cannot have optimum locations. A Wop-
mounted CRT centered on the crown of the flight helmet for
biscular HMD designs often poses the most serious
prablem.

One former approach to compensating for dynamic
scatterers was to characterize the secondary field of the
moveable scatierer and compensate lor iis effects using a
dipole or multi-dipole model, This technique has nol worked
well, because the dipole locatlons are not readily
determined and thelr scattering parameters depend on the
number of dipoles used {guickly raising computatinnal
overhead) and an accurale knowledge of the location of each
dipole. Fecent experience with an alternate approach [4]
that characterizes (he scattered field as a sum of the
multipole fekls appears to have produced superior results
in laboratory testing. Mowever, full operational test results
will not ke known for seme months after the publishing date
of this paper, In this lechpique, the mullipole momenis ane
linearly related to the primary magnetic field and (s
gradients by a set of scattering coefficlents that are readily
determined from sets of scatiered-fleld measurements by
linearcoefMcient MNtting technlques.

The effect of fixed and dynamic scallerers on MHMS
operation Is Important encugh [n the design and Integration

of YCS that a short discussion of basic conslderations Is
appropriate. An inital assessment of the MHMS environment
can be made to help reduce potential problems during Maal
system Integration by noling a few geometric relatlonships
and the worst-case conditions for HHMS field distortion
cawsed I:j' fixed and helmet-mounted moveable scatterers.
Figure & depicts the worst-Case siluation for a fixed
scatierer (n relation to the transmitterisource)-
recelverisensor) distance. This cocurs when the sensor 5
directly below the source. Since amplitude for the MHMS
quaskstatic field s proportonal to the Inverse cube of
distance, the worst case distortion ratlo (D) |s glven by
equatkon (8) where p° represents distance, Using (8 and a
ratio of 5.5 for o). one computes a distortion ratio of

14011 - 112 = 0,001 or 0.1 percent. A ratio of 2.82 would
produce a distortion ratlo of 1 percent,

D= (0 )3/(2py-p )3 = 2oy - 113 (8)
Where: Py= Epz—pl
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Work performed during the development of the VPD
MHMS at AAMEL and OMRR and documented In (4] helped
to characterize the fleld distortion due to the présence of
several types of simpiy-shaped dynamic scatberers, These
include spheres and prolate spheraids which resemble Lhe
shape of the normal cylindrical CRT. For the moveable
scatterer, the matio between scatterer-to-sensor-distance (p)
and scatterer slze () becomes the dominant relationship for
computing the distortion ratle, For the isverse cube

relationship we now get D = | {/p 1%, As shown for the
spherical scatterer In Figure 7. the distortion contours are
simply spheres centered about the scatiering sphere. For
example, [n Fgure 7, alength of 4.64 [ iwhere | = radius of
the scattering sphere] produces a distortion ratio of 1
percent. As compared Lo a sphere with radlus of L, a prolate
spherold with semiaxis of {j = Fand i = {x = 0.2
representing about the eccentricily of the HMD CRT.
produces maximum scattering no worse than about twice
that of the sphere. The polnt of this discussion 18 that the
helmet system design greatly affects the method and
complexity of the required dynamic compensation process
in the MHMS. If the HMD désign permils & lower miouniing
location for the CRTs as shown for location 3. In Figure 5,
then the MHMS sensor may be placed ai or near the top of
the helmet. Located in this manner, the CRT scattereris)
have a much reduced probability of blocking the MHMS
signal during head movement. The minimum scallerer/sensor
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distance rmatlio will alse be relatively lange. A biocular
deslgn, as mentioned earlier. may. with most perfermed
sensor mounting locations, provide an increased
opportunily for the scatierer to block the source's signal to
the sensor. Altemately, placing the MHMS sensor on top of
the helmet near the CRT scatterer to prévent signal
blockage by the scatterer will significantly reduce (in a
negative manner) the scatlerer-to-sensor-distance o
scatterer slze ratio,

It is also wise. and usually necessary, to Imbed some
aprt of capabillty into the MHMS to overcome situations
where the HMD CRTS will completely block the skgral to
the recelver until an unobstrscted line-ofsight (LOS] can be
reestablished with the transmitter. The only good
alternative 5 usually 1o hold the MHMS P&O output data at
the last good field data polnt untll rsdiated Aeld conditions
retum o acceptable levels,

MHMS system signal properiies are also Inflluenced
significantly by the material compositlon and structure of
the overall VO35 design, Of greatest concern are materials
which, because of thelr physical properties. severgly
attenuate or distort the primary magnetic felds. For
example. conducting metal on the helmel, per Se, does nob
slgnificantly degrade the uncompensated performance of
the MHMS, Rather targe conducting surfaces, struchares that
allow current loops o form, and ferromagnetht materdals are
the major contributars (o reduced performance (ie, greater
aystem error). In particular, the VS system integrator
should examine s subcontractors productlon technbques
to ensure that unespected problem sources will not be
present,. One significant problem involved aluminum
shimming rings for the HMD relay lens elements which werne
discovered to be causing severe dymamilc scattering of the
MHMS flekds that was hard o compensate lor satisfactony
crmor parformance. The salution was to place a noich in each
ring to prevent formation of current loops and secondary
magnetic Melds. Thus, an Improved system design. as
represented by the VPD MHMS and thoughtful integration,
can complement cach other to produce a more reliable pilot-
centered or aperator-centensd Systam,

Optimizing Sight and Display Utilization

In this authors opinion, optimization 5 always a
relative concept — for one usually does the best that can be
done at a given time with available resources. Among the
VT3 optimization Issues that have resisted a major

improvement are the degradation of HMD performance
caused by alrcralt vibration transmitied 1o the head/helmet,
and the effects of system P&O delays or head movement
artifacts on operator LOS tracking. LOS tracking can be
further divided Into perhaps al least seven categories or
modes, which may have differing Implementations for
optimal tracking flter solutions. A possible set 1s:

1] Polnting {at a stathke tamget),

2] Tracking (a distant moving targetl,

3] Close Tracking (lamget moving close to an observer)
&} HandolT (of LOS from one obsernver o another for
any mode 1-3),

5| Searching (for a new tamet],

A} Transition (between one LOS and another). and

71 Wandering ino specific LOS ohjectivel.

Bath alrcraft vibration and system nduced LOS transport
delays for display symbology positloning can severely
degrade the operabors ability to exiract andfor use
information presented on the HMD, As shown In Flgure 2,
the MHMS electronics unlt contalns four Imbedded
processor boards. One of these processor boards was
intended for wse in alding the investigation of the
biodynmamic interdference suppresslon (vibration) and LOS
tracking issues. Figure 3 deplcts acceleromeler inpuls thai
can be used as an opton for recelving direct inputs of head
and afrcraft vibmation, The use of accelerometer inputs can
provide im stabilization of the MMD image, and neesds
further Investigallon. Often, howewver, systems wiilizing
acceleromeler inpuls exclusively perdorm poorly during
large rotations of the head, Stablilzation of the LOS signals,
as derlved from the MHMS PRO updales, using adaptive
Mitering. Is also possible, The effectiveness ol such
stabilization may be reduced, though, by the possible
relatively large phase errors thal can occur by attempling o
stabilize over a 51z bandwidlh wilh samples taken at 30 or
680 Hz, The improved update rate of the VPD MHMS and the
use of Kalman fiters or complementary fiters (actually a
Form of Kalman fiedngl that combine measurements of
head P&D wilh acceleromeler outpuls may overcome these
difficultles. The YFD MHHMS provides not only the
capabliity to run such algorthms, as they could be run in
any computer simulation environment, bul also the
capabllity o tesl them In relation (o operator performance
in the actual alrbome environment.

The programmable fexibility of the VFD MHMS also
allows the beneflts of advanced cuelng modes (o be
Implemented and studied. One example is coordinate
intersection cueing (CIC). In a CIC mode, physical cotkpit
switches, or switches Imaged onto a panel mounted display,
are referenced to the MHMS source's coordinate system.
Litlzing the 6DOF measurements of the MHMS, the location
of these switches is constantly recomputed by the MAMS,
altowing ‘no-hands-nesded” LOS activalion by the pllot with
his MIMS LOS reticle. This mode effectively duplicales a
portion of the oculometer function withoutl the need o add
this hardware to the helmet,

Summary

The YCS5 MMI represents a significant departure from
the standard cockplt MMI in use today. The development
approach for the major VPD systems comprising the VC3
MML should, if properly utilized, aid the transition to this
advanced cockpit interface. Por the MHMS, the closed-loop
system Implementation between the installation and
aperational hardware should ald both the researcher and
manufacturer. The benefits for research personnel should be
cxtremely reliable data describing the accuracy of the V3
implementation and very fMexible alrborne-quallfied test
instrumentation. The result for a potentlal manufacturer
should be better a priord knowledge conceming Interface
arnd production |ssues, For example, a callbratlon process



reliable and accurate enough to guarantee that the mapping
process for one cockplt can apply in a labor savings manner
to ke configured cockpits, thus permiiting the mapping of
one cockplt o sullice for an entire block of simbar alrcralt.
Whether this system approach meets expectations remalns
for the delivery of the production systems In 1991 and out-
year testing and experience Lo confinm.
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